The effect of pH, P02, and inorganic phosphate on the uptake and metabolism of hypoxanthine by erythrocytes has been studied. Uptake of hypoxanthine and accumulation of inosine 5'-monophosphate (IMP) were markedly increased at acid pH, high external phosphate concentrations, and low Po2. Release of accumulated IMP as hypoxanthine occurred at alkaline pH values and low external phosphate concentrations. Conditions favoring IMP accumulation gave rise, in the absence of hypoxanthine, to a corresponding increase in 5'-phosphoribosyl-1-pyrophosphate. Intracellular phosphate concentrations were markedly pH dependent and a model is presented whereby hypoxanthine uptake and release are controlled by intracellular concentrations of inorganic phosphate and 2,3-bisphosphoglycerate. These allosteric effectors influence, in opposing ways, two enzymes governing IMP accumulation, namely 5'-phosphoribosyl-l-pyrophosphate synthetase and 5'-nucleotidase. These metabolic properties suggest that the erythrocyte could play a role in the removal of hypoxanthine from anoxic tissue.
Introduction
Mature erythrocytes lack the enzymes for de novo purine synthesis (1), but possess the ability to take up and release purine bases and nucleosides (2) (3) (4) . Hypoxanthine is rapidly transported across the red cell membrane by facilitated diffusion, so that equilibrium is reached within a minute even at millimolar concentrations of the oxypurine (5) . The salvage of hypoxanthine to inosine 5'-monophosphate (IMP)' depends on the concentration ofinorganic phosphate (Pi) in the medium (2-4, 6, 7) . This is ascribed to stimulation by Pi of the synthesis of 5-phosphoribosyl-l-pyrophosphate (PRPP), a cosubstrate and rate limiting factor in the phosphoribosylation of hypoxanthine to IMP (4, 7) . Whereas PRPP synthetase is activated by Pi, it is inhibited by ADP, GDP, and 2,3-bisphosphoglycerate (2, (8, 9) . The low intrinsic rate of PRPP synthesis in 1. Abbreviations used in this paper: HPRT, hypoxanthine-guanine phosphoribosyl-transferase; IMP, inosine 5'-monophosphate; Pi, inorganic phosphate; PNP, purine nucleoside phosphorylase; PRPP, phosphoribosyl-l-pyrophosphate; 2,3-DPG, 2,3-bisphosphoglycerate. intact cells, even under experimental conditions of high external Pi concentrations, has been attributed to allosteric inhibition by these compounds (4, 10) .
Unlike other purine base substrates, which contribute to di-and triphosphate nucleotide pools, anabolism of hypoxanthine in the erythrocyte ceases at the level of IMP (2) . A recently described cytosolic erythrocyte purine 5'-nucleotidase can catalyze the conversion of IMP to inosine (1 1, 12) , which can then be degraded by purine nucleoside phosphorylase (PNP) to hypoxanthine.
There are conflicting reports on the effect of pH and oxygen tension (Po2) on oxypurine metabolism in erythrocytes. Salerno has reported enhanced incorporation ofhypoxanthine into IMP with decreasing pH and Po2 (13) , whereas Schraufstatter failed to confirm these findings (14) . Bontemps reported that alkalinization of the medium resulted in a 15-fold increase in the production of hypoxanthine by erythrocytes (1 1).
Here we have studied the uptake and release of hypoxanthine under conditions of varying Pi concentration, pH, and Po2 and shown that uptake and conversion ofhypoxanthine to IMP is enhanced by increasing Pi and decreasing pH and Po2. These conditions are similar to those prevailing in anoxic tissue, in which pH is low due to lactic acidosis and Pi is high from hydrolysis of creatine phosphate and ATP. We have also shown that release ofIMP as hypoxanthine is favored at low Pi concentration and high pH. The pH changes studied cover a narrow range of < 1 pH unit and reflect values seen in vivo in certain pathological states. These findings may be relevant to the clearance of hypoxanthine from anoxic tissues.
Methods
Metabolism ofoxypurines by erythrocytes. Washed erythrocytes were incubated in medium consisting of 50 mM Hepes, 10 mM glucose, 10 mM Na2PO4, and 75 mM NaCl at a packed cell to medium ratio of 1:2 (vol/vol). pH was adjusted by the addition of 1 M HCO or 1 M NaOH. In some experiments, the medium also contained 100 ;M ['4C]hypoxanthine, (1.2 Ci/mol) (Amersham Corp., Amersham, England) or 32Pi (5 mCi/mol) (Amersham Corp.). To quantitate labeled purine species, an aliquot of suspension, typically 0.5 ml, was centrifuged through dibutylphthalate (E. Merck, Darmstadt, FRG), as described by Wohlhueter (15) in a 1.5-ml microfuge tube, and the supernatant medium was deproteinized with an equal volume of 0.6 M perchloric acid. The dibutylphthalate was aspirated and the red cell pellet was resuspended in an equal volume of isotonic saline, followed by 2 vol 0.6 M perchloric acid. After centrifugation, the clear supernatant was counted directly by scintillation photometry using an open window setting. From the specific activity, the uptake of purine or phosphate could be expressed in micromolar or millimolar, respectively. In some cases, aliquots were neutralized with 2.5 M K2CO3, and after centrifugation, the supernatant (typically 50 MLI) was injected onto an anion exchange or reverse phase HPLC column (details of HPLC given below). Eluate fractions were counted and from the position of markers individual labeled purine species were identified and quanti-tated. In experiments in which 32Pi was used, the individual labeled 32p species were separated in a similar manner, using anion-exchange HPLC. The Pi concentration ofcells and medium was measured by the colorimetric method of Fiske and Subbarow (16) . The pH of the red cell suspensions was determined to two decimal places using an ABL blood gas analyzer (Radiometer, Copenhagen, Denmark).
Incubation of red cells in whole blood was performed by addition of Na2HPO4, glucose, and ['4C]hypoxanthine to freshly drawn heparinized blood to give final concentrations of 10 and 10 mM and 100 MM, respectively without significant increase in volume. pH was reduced to -7 by equilibration with 20% CO2 in oxygen. Samples were removed before and after a 90-min incubation to determine hypoxanthine uptake. After incubation, erythrocytes were isolated by centrifugation through dibutylphthalate and resuspended in autologous fresh plasma. A baseline sample was removed at this stage. The pH of the suspension was increased by equilibration with air to displace CO2. Samples of varying pH were removed during this procedure and incubated for 1 h to determine hypoxanthine release. The concentrations of Pi, total labeled purine, and in some cases individual purines were determined as described above for cells incubated in defined aqueous medium. Blood pH and Pco2 were measured on an ABL blood gas analyzer (Radiometer). Plasma (4) and Hennessy ( 19) . The assay of PRPP synthetase was performed according to the procedure of Hershko (4) .
High pressure liquid chromatography. The separation of oxypurine metabolites was effected by HPLC (model 3500 B; Spectra-Physics Inc., Mountain View, CA) of neutralized perchloric acid extracts of erythrocytes using both anion-exchange and reverse-phase columns. Anion-exchange chromatography was performed on an APS HVP-25 11 column (Hichrom Ltd., Reading, England), with a linear buffer gradient developed over 10 min from 5 mM KH2PO4 (Aristar grade; British Drug Houses, Poole, England), pH 2.50, to 500 mM KH2PO4 plus 912 mM KCl, pH 3.8 at a flow rate of 1.2 ml/min.
Depending on the retention times of the metabolites studied, 30-or 60-s fractions of the effluent were collected, mixed with scintillation fluid (HIONIC-FLUOR; Packard Instruments, Downers Grove, IL), and counted in an LS 233 liquid scintillation system (Beckman Instruments, Fullerton, CA).
Reverse-phase chromatography was performed on a Hichrom S50 DS-3571 column (Hichrom) using 5% methanol in 1 mM KH2PO4 (vol/vol) as an isocratic buffer at a flow rate of 1.6 ml/min. Fractions were collected and counted as described above. In all cases, the absorbance of the effluent was monitored at 260 nm.
Effect ofP2 on hypoxanthine uptake by erythrocytes. Fresh heparinized blood was centrifuged for 10 min at 1,700 g and the plasma, buffy coat, and top fifth of red cells were removed. The infranatant cells were washed twice with 3 vol ofice-cold saline and resuspended in 3 vol buffer containing, in final concentration, 50 mM Hepes; 1, 5, or 10 mM NaH2PO4 120 MM ['4C]hypoxanthine (5 Ci/mol), 10 mM glucose, and NaCi to provide a final osmolality of 290 mosm/kg. pH was adjusted to 7.1 with NaOH. After equilibration with air at room temperature, 0.7-ml samples of the erythrocyte suspension were removed and introduced under dibutylphthalate in a 1.5-ml microfuge tube, which was then closed and kept at room temperature. The pH and P02 of an aliquot of the erythrocyte suspension was measured. Nitrogen gas was then bubbled through the remaining suspension at room temperature and at appropriate intervals, 0.7-ml aliquots were removed and treated as described above, until the Po2 had dropped to 2.7 kPa or below. All the microfuge tubes were then incubated at 370C for 90 min with intermittent inversion to keep red cells suspended. After incubation, the erythrocytes were separated from the medium by centrifugation through the dibutylphthalate. 50-Ml aliquots of the pelleted erythrocytes were then lysed with 100 MI H20 and deproteinized with 150 Ml 0.6 M perchloric acid. After centrifugation and neutralization of the supernatant fluid with K2CO3, the total red cell content of labeled oxypurine was determined by counting an aliquot of supernatant. The nature and quantity of individual hypoxanthine metabolites in the red cells was determined using both reverse-phase and anion-exchange chromatography.
All estimations were performed in duplicate. The difference between duplicates expressed as a percentage ofthe mean was found to be < 5% in most cases and < 10%o in all cases.
Results
Effect ofpH on oxypurine metabolism. Washed human erythrocytes were incubated at 37°C for 2 h in Hepes-buffered medium containing 10 mM Pi and 100 ,uM ['4C]hypoxanthine at varying pH. In a parallel experiment, cells preincubated at the lowest pH (7.1) for 2 h were alkalinized by the progressive addition of NaOH to give a second set of samples of varying pH, which were incubated for a further period of 2 h at 37°C. Cells from both the first and second incubations were separated from medium by centrifugation through dibutylphthalate and the distribution of labeled purine species was determined by anion-exchange and reverse-phase chromatography. The results of the first 2-h incubation are given in Fig. 1 A and show that IMP is synthesized in progressively greater amounts with decreasing pH. Minimal quantities are present after 2 h above pH 7.5. When incubation of cells at pH 7.1 is continued at the same pH value (Fig. 1 B) for a further 2 h, the conversion of hypoxanthine to intracellular IMP becomes essentially complete. However, subsequent alkalinization ofcells preincubated for an initial 2 h at pH 7.1 resulted in a reversal of this process, with depletion of intracellular IMP and reappearance of hypoxanthine. At pH values > 7.6, detectable quantities of inosine accumulated. Intracellular hypoxanthine concentrations were generally similar to those in the medium, irrespective of pH, consistent with the known rapid equilibration of hypoxanthine across red cell membranes (5) .
Effect ofinorganic phosphate on hypoxanthine metabolism. ..ATN Figure 6 . Anion-exchange HPLC of cell extracts corresponding to the most acid (pH 6.84) and alkaline (pH 7.95) incubation conditions described in Fig. 5 Effect ofpH on oxypurine metabolism in whole blood. To determine whether the accumulation of IMP and free Pi in erythrocytes showed the same pH dependence when suspended in plasma as in defined aqueous medium, whole blood equilibrated with CO2 to achieve a pH of 7.0 was incubated for 90 min at 370C in the presence of 10 mM Pi and 100 AM ["4C]hypoxanthine. HPLC analysis of cell extracts prepared from aliquots removed after 5 min (Fig. 7 A) and 90 min ( Fig.   7 B) showed progressive accumulation of IMP and decrease in hypoxanthine. After incubation, cells were resuspended in fresh plasma equilibrated with CO2 to maintain the pH at 7.0. Initially, there was a slight decrease in cellular hypoxanthine (because of efflux into the fresh plasma) but no significant change in IMP levels (Fig. 7 C) . The resuspended erythrocytes were equilibrated with air for varying times to remove CO2 and thus provide samples covering a pH range from 7.03 to 7.77. These suspensions were incubated for a further hour. Analysis of the plasma showed little release of radioactivity below pH 7.3 with a sharp increase above this pH (Table II) . HPLC analysis ofplasma radioactivity from the most alkaline aliquot (i.e., the one from which the most counts were released) showed that label was confined to hypoxanthine (Fig. 7 F) . Analysis of the cells incubated at pH 7.03 and 7.77 revealed that at low pH, remaining hypoxanthine was quantitatively converted to IMP (Fig. 7 D) , whereas at high pH, most of the IMP was degraded to hypoxanthine (Fig. 7 E) that then diffused into the plasma (Fig. 7 F) . Table II also shows that there (Fig. 8) . IMP synthesis was increased at P02 values < 7 kPa at all Pi concentrations studied.
Discussion
The effects of pH in the range 7.0 to 7.8 on erythrocyte oxypurine metabolism shown in this study may be related to the pH-dependent changes in a number of intracellular compounds.
A fall in pH results in a rise in intracellular Pi. This may occur by two mechanisms. First, transport into the cells of divalent anions, including phosphate, by the band 3 membrane proteins is increased with decreasing pH, with the maximum rate at pH 6.4 (20 (26) .
A model for the regulation of oxypurine metabolism in the red cell is illustrated in Fig. 9 and proposes the following: hypoxanthine, IMP, and inosine are components of an oxypurine cycle in erythrocytes. Under conditions of low pH and high extracellular Pi, intracellular Pi concentrations rise and levels of ADP and 2,3 DPG fall, the latter effect augmented at low P02. The consequent stimulation of PRPP synthesis favors the conversion of hypoxanthine to IMP, and the latter accumulates due to inhibition of purine 5' nucleotidase. Enhanced synthesis of PRPP explains the increased levels of IMP and ATP (via salvage of adenine) found in erythrocytes of patients with chronic renal failure, in which blood pH is invariably decreased and plasma Pi concentration increased (26) . On returning to conditions of neutral or alkaline pH, low extracellular Pi, and high Po2, intracellular Pi levels fall and 2,3 DPG and ADP levels rise. These conditions result in a concerted activation of purine 5' nucleotidase and inhibition of PRPP synthetase, with net conversion of IMP to hypoxanthine. Efflux of the accumulating hypoxanthine is facilitated by rapid equilibration across the red cell membrane (5) .
Low pH, high Pi, and low P02, which favor the uptake of hypoxanthine by erythrocytes, are found in poorly oxygenated tissue and suggest that the erythrocyte oxypurine cycle might provide a mechanism for the transfer of hypoxanthine from poorly oxygenated to well oxygenated tissue in vivo. Although Pi levels studied are far in excess of physiological levels, a severalfold increase in Pi concentration has been shown in intact ischemic tissue by 31P NMR (27, 28) . The cycle might also play a role in a more pathophysiological context, since in frankly ischemic tissue hypoxanthine is known to accumulate (29) (30) (31) and has been implicated in the causation of reperfusion injury (32) .
